The electrodissolution of a copper rotating disk has been studied experimentally usmg an ac-impedance techniquel 2 1 and has been found to be largely mass-transfer controlled, but a kinetic contribution could be identified at high rotation rates. For low current densities and Cl-concentrations less than about 1 M, copper dissolves anodically in acidic chloride solution to form CuC12 in the following overall reaction (1)
Method
The Stefan-Maxwell model is used to predict the frequency dependence of the faradaic and dimensionless mass-transfer impedance functions as a function of Schmidt number. The faradaic impedance, ZF = V /i 1 , is calculated by linearizing the copper dissolution kinetic expression (2) using a Taylor expansion around the steady-state values of ci,O and V The electric driving force V used in the modified Butler-Volmer equation 2 is defined to be the electrode potential relative to a reference electrode of a given kind placed just outside the diffuse part of the double layer.
The alternating-faradaic-current-density equation 3 can be rearranged yielding the faradaic impedance for a single electrode reaction (4) where the charge-transfer resistance is given by R, = ( 8i Jf av)- 1 . Thus, the faradaic impedance includes not only the effect of the faradaic charge-transfer reaction but also that of any concentration variations at the electrode surface that affect the rate of the electrochemical reaction.
The dimensionless mass-transfer impedance function is defined as the ratio of the alternating concentration to its derivative
where ci,o and c~.o are calculated using the Stefan-Maxwell model. The prime denotes differentiation with respect to the dimensionless distance €-z (D.fv)
where e properly scales the rotating-disk problem1 3 1 and DR is the diffusion coefficient of the CuC12 reference species.
A goal of this paper is to check the validity of the generalized concentrated- We should like to continue such an analysis by investigating the effects of mass transfer on the faradaic impedance by arbitrarily varying the Schmidt number, while the solution composition, the electrode potential, and the rotation rate are kept constant. The Stefan-Maxwell results, for a wide frequency range, will be plotted in various forms, enabling kinetic and mass-transfer information pertaining to a given electrochemical system to be obtained. The analysis is applicable to redox systems, as well as to the mixed kinetic and mass-transfer controlled copper dissolution process to be discussed in this paper.
Before presenting the results, let us discuss the model input parameters. The rate constants used in equation 2 for the copper dissolution process are the same as in references [7] and [8] for the case of an infinite homogeneous rate constant (k 6 = oo) and 5 are summarized in 
Faradaic Impedance
The computer-generated results of the Stefan-Maxwell model for the dissolution of a copper rotating disk are plotted in figure 1 t In another paper,1 9 1 we develop a generalized procedure for obtaining the fundamental and necessary input parameters from experimental impedance data. The data reduction scheme is based on analytic equations for the faradaic impedance.
., reaction, that it is negligible in figure 1 . Z 0 is the mass-transfer impedance resulting from concentration variations at the surface due to convection and diffusion and is the remaining effect of the faradaic impedance after Rt is subtracted.
The charge-transfer resistance is obtained at the high-frequency limit because the time scale is so short that diffusion cannot influence the current. Since the surface concentration does not change significantly from the mean value, the diffusion impedance drops out at high frequency, and charge-transfer kinetics alone dictate the current.
As we move away from the high-frequency limit, along the curve toward the right, (as the frequency decreases) we observe a linear relation between Re { ZF} and lm { ZF } characterizing a diffusion-controlled electrode process. An infinite Nernst diffusion-layer thickness leads to a straight line with a slope of unity, known as the classical Warburg impedance. However, accounting for convection at the rotating disk yields finite values for both the diffusion-layer thickness and the convective-War burg 8 impedance at the low-frequency limit and this gives rise to the loop .shown in figure 1.
In the low-frequency range, the frequency dependence of the diffusion impedance changes. Instead of both the real and imaginary parts of the impedance being proportional to 1/Yw (as at high frequencies), the imaginary part is proportional to the frequency, whereas the real part is proportional to the square of the frequency. This change is due to the effect convection has on the process.
An important quantity to be derived from such measurements is the impedance at zero frequency, where the imaginary part goes to zero and the real part is finite and is shown on the right of the figure. This low-frequency limit represents the steady-state polarization resistance R, = lim {ZF}. R, is the sum of the charge-transfer resistance w-o The polarization resistance R 1 is an important quantity in impedance studies since it can be shown to be related to the steady-state current density and thus, the dissolution rate of the metal. The results given in figure 2 can be used to shed more light on understanding the present dissolution problem. To do this, the real part of the faradaic impedance is plotted versus -p Im{ZF} in figure 3 , where p =win 1s a dimensionless perturbation frequency. K is related to p by K = 3.2576pSc allows the real part of the impedance to be extrapolated to zero frequency easily, because a straight line can be fitted to the low-frequency data in figure 3 , and the imaginary part should be zero at zero frequency.
The three different Schmidt-number curves in figure 3 , as for figure 2, converge in the limit of high frequency to a value of R 1 = 1.44 O·cm
.
The Sc = 100 case approaches the limit the fastest because, at a given frequency, the low Sc minimizes mass-transfer effects.
The low-frequency limit of the impedance is important because we are interested in examining the convective-diffusion impedance Z 0 . Therefore, the previous plot is shown again in figure 4 , where only the low-frequency region is shown. Over a limited reduces the Schmidt number dependence of the curves. Interestingly, plotting the data in this form over the entire frequency range yields just one curve, any deviations are in the low-frequency range and are shown in more detail in figure 6 . This latter effect can be explained by the thicker boundary layer at lower frequencies. Hence, the convective effect, or Sc correction, is most significant at steady state, where the multiple term velocity series is needed. and a low anodic overpotential ( V = ~.205 V) has been investigated, similar to reference [12] . This is the simplest case to model accurately and to predict the current density; dilute-solution theory may be used since there are no strong interactions among species which require concentrated-solution theory. Also, the low potential means little dissolution of copper will occur, resulting in the copper chloride species concentration being very small compared to the electrolyte. This implies that the effect of migration will be small due to small amount of CuCl2 relative to the supporting electrolyte.
· The original goal of comparing the low-frequency limits of the Stefan-Maxwell impedance results to previous steady-state, mass-transfer work can be done by using the following relationship
The Let us now discuss the different Schmidt-number dependence of the impedance that was illustrated in the previous figures. For example on figure 6 , r( 4/3) is the lower limit on the ordinate axis. The correction for finite Sc increases the real _part of the de limit of -1/0~(0). Thus, the low-frequency limit of the dimensionless convective diffusion impedance increases slightly with decreasing Sc. In figure 4 , just the opposite behavior is found; the low-frequency limit of the faradaic impedance, RP, or of the dimensional diffusion impedance, R 0 , increases with Sc. This behavior should be compared to the Sc dependence of the mass-transfer rate. 
